Introduction
PD is a biofilm-induced inflammatory disease that affects the integrity of the tissues that surround and support the teeth 1,2 . Severe periodontitis is the sixth most prevalent disease worldwide, with an overall prevalence of 11.2% and 734 million people affected 3 . In the United States, PD affects 47% of the adult population 4, 5 . Periodontitis is a major cause of tooth loss in adults, having subsequent impact on the person's masticatory dysfunction, quality of life and self-esteem 6 . In addition, periodontitis is associated with systemic diseases such as atherosclerosis, diabetes and rheumatoid arthritis [7] [8] [9] . Although treatment of PD is successful in the majority of cases, up to 30% of patients with moderate chronic periodontitis respond poorly to treatment (e.g., developing refractory periodontitis as a response) 10, 11 . Further understanding of the pathogenesis of PD might enable improvements in treatment for patients.
The development of periodontitis can be broken down into discrete phases, including the development of a pathogenic biofilm, stimulation/invasion by oral microorganisms and/or their derived products, induction of a destructive host response in gingival tissue and breakdown of the supporting tissue and alveolar bone. Various animal models have been used to separately mimic the different phases of the pathogenesis and investigate the mechanisms of periodontitis in vivo [12] [13] [14] [15] . Here, we describe how to implement one of these models, the simplified ligature model, in mice.
and non-human primates [16] [17] [18] [19] . Application of the ligature model in mice has several advantages, including the wide range of genetically engineered strains, the availability of high-quality immunochemical and cellular reagents, the low cost of small animals as compared with larger animals and the wide availability of germ-free (GF) mice [20] [21] [22] [23] . Ligatures do not induce robust inflammation and alveolar bone loss in GF rats and mice, demonstrating that the inflammation and bone loss sustained during the ligature model are dependent on ligature accumulation of bacteria 24, 25 . Thus, the ligature model is a suitable model for investigating the interaction between oral microorganisms and host responses during the development of periodontitis. Despite this, the ligature-induced periodontitis model has not been used frequently in mice. One of the potential reasons for this is the technical difficulty in placing the ligature around the teeth of the mice as a result of the small size of the murine oral cavity and teeth. Murine wild-type (WT) molars (M3-M1) have a size range of 0.4-1.2 mm 2 (ref. 26 ). The traditional ligature model requires placing a bacterial-plaque-retentive ligature around the maxillary second molar teeth (M2; ref. 16 ). This technique requires that the ligature be passed through two separate interdental spaces: the interproximal space between the second and third molars (M2-M3) and the interproximal space between the first and second molars (M1-M2) 27, 28 . In our experience, the operating procedure for the traditional ligature placement in mice requires a very high level of technical skill, and this is a potential challenge for many researchers.
We previously established a simpler ligature-induced periodontitis model to decrease the technical challenge of the ligature placement in the gingival tissue of mice 28 . In our simplified ligature model, a dual-knotted 2.5-mm silk ligature is placed between two murine molars to allow an endogenous microbiota accumulation that will initiate gingival tissue inflammation and periodontal bone loss. The ligature model described here markedly decreases the technical challenge of placing a ligature between murine teeth because it uses a mouse dental bed and ligature holder to position and open the mouth of the mouse under isoflurane anesthesia and allow correct placement of the ligature. The mouse dental bed and ligature holder are created by three-dimensional (3D) printing. The ligature can be installed in a short period of time without trauma to the murine periodontal tissues. Subsequent bone loss occurs only between the first (M1) and second (M2) molars. In a previous study, we demonstrated that, similarly to the traditional ligature model, the simplified ligature model does not cause robust inflammation and alveolar bone loss in GF mice 28 , indicating that inflammation, as well as bone loss, is mainly induced by the bacteria located in the ligature placement site rather than as a consequence of a ligature-associated trauma to the periodontal tissues. This method is technically simple and allows the exploration of multiple unaddressed questions in the field of periodontology that include host responses, microorganism pathogenesis, and periodontal repair and regeneration. In this protocol, we describe how to set up this model.
Applications of the protocol
Insertion of the ligature initiates a host response that includes osteoclast activation, alveolar bone loss and gingival tissue inflammation. Obvious alveolar bone loss appears around day 6, and progressive bone absorption occurs from day 6 to day 12. This dynamic bone loss is consistent with that seen using the ligature model, in which ligatures are placed around the molars 16, 29 . Although the application of the model in specific pathogen-free (SPF) mice can be used to evaluate the host response and change in expression of genes associated with periodontitis, because mice carry their endogenous bacteria, and these are different from human oral microbiota, it does not allow the exploration of human oral bacterial colonization, human oral bacteria-bacteria interactions and human oral bacteria-host interactions in vivo 30 . This limitation can be addressed by inserting a ligature into GF mice and inoculating these mice with human oral bacteria. This enables this model to be used to study human bacterial colonization and induction of host responses in vivo , facilitating the in vivo study of interactions between human oral bacteria and host immunity.
This model may provide a useful tool for future studies aimed at elucidating the mechanisms of periodontitis. Furthermore, by combining the model with GF mice and human bacterial inoculation, our model also provided a new avenue to investigate the complex human oral bacteria-bacteria and bacteria-host interactions in periodontitis in vivo . This in vivo model might also be used as a preclinical model to test the potential of novel therapeutic compounds to treat periodontitis and to evaluate potential regenerative therapies after experimental periodontitis is induced 31 .
Limitations of our protocol
Our model can be used in SPF mice to test the roles of particular host responses and genes associated with periodontitis. Our model can be used in GF mice to study the underlying mechanisms of human oral bacterial colonization, human oral bacteria-bacteria interactions and human oral bacteria-host interplay in vivo . However, there are also several limitations that should be considered when deciding whether to use the simplified ligature model:
• As is the case for the traditional ligature model, insertion of the ligature can potentially initiate minimal trauma of the murine gingival tissue. Moreover, the ligature by itself allows rapid bacterial accumulation, leading to microbiota dysbiosis. This step, therefore, does not mimic the majority of natural etiological factors responsible for microbiota dysbiosis during the development of human periodontitis. Thus, this model may not be suitable for the investigation of the pathophysiological factors that induce oral microorganism dysbiosis associated with periodontitis in humans.
• Our simplified ligature model affects a smaller area of the periodontium than the traditional ligature model, which affects the entire surrounding of the tooth. Therefore, this simplified model may require a number of murine gingival tissues to be pooled, if analysis that uses flow cytometry (FACS) to evaluate different immune cell populations is used. Related to this, the development of bone loss using our model is not as rapid as that seen after ligatures are installed using the traditional model (substantial bone loss observed at 6 d rather than after 3 d).
• Active inflammation occurs mostly between the first and second molars. We do not restrict collection of gingival tissue to the area of active inflammation because this area is very small. The amount of gingival tissue we harvest was chosen to be a set amount to increase the standardization and improve the reproducibility of the results obtained. The amount of gingival tissue to be collected can be adapted based on the question being asked and the technical skills of the operator.
• Our data show that there is infiltration of T helper (T H )1, T H 2, regulatory T (T reg ) and T H 17 cells by 9 and 18 d post establishment of our model. This allows exploration of the acquired immune responses. However, these resuIts suggest that this model provides an accelerated pathogenesis of PD , including both the early innate and late adaptive immune elements that characterize chronic periodontitis. However, it is possible that this model may not completely mimic the chronic properties of human chronic periodontitis.
• Murine dental structures are not identical to human dental structures. Although murine molars have cementoenamel junctions that enable attachment-loss measurements, the structure of the mice periodontal apparatus is not exactly the same as that of humans. Although the ligature aids in facilitating bacterial adherence and colonization, some human oral microorganisms may not be able to colonize the murine oral cavity in GF mice.
Comparison with other mouse models of periodontitis
Several models are currently being used in the field to study PD pathogenesis, including oral gavage, air pouch/chamber, and calvarial and ligature models. In the oral gavage model, a human periodontal bacterium is inoculated orally. This model is often used to study murine experimental periodontitis. It has been reported that wild-type C57BL/6J mice are less susceptible to alveolar bone loss when subjected to the oral gavage model 32, 33 . This reduces the possible applications of this model because wild-type C57BL/6J mice are one of the most common murine backgrounds for genetically engineered mice. An additional advantage of the ligature-induced periodontitis model as compared with the oral gavage model is that disease can be predictably initiated at a known time, and substantial host inflammatory responses and alveolar bone loss occur in a defined location within a short period 16 . In addition, as compared with the oral gavage model, this simplified ligature model allows easy detection of gingival tissue inflammation and alveolar bone loss in histological sections. The amount of linear bone loss induced by the gavage model is minimal (0-0.03 mm) as compared with the ligature model (0.1-0.2-mm bone loss), which induces approximately ten times more bone loss than the gavage model 32, 33 . The small differences observed between baseline measurements and those following periodontitis induction in the gavage model can make it difficult to identify changes when testing different experimental conditions. Other mouse models for studying periodontitis do not use the oral cavity to model periodontitis. These models include the air-pouch/chamber model and the calvarial model 14, 34 . In the air-pouch/chamber model, bacteria are injected into an epithelium-lined pouch or coiled stainless steel wire 34, 35 . The model is used to study periodontal pathogen virulence and inflammatory responses. It can also be used to study potential pharmacological agents. However, it does not allow analysis of gingival and periodontal host responses. In the calvarial model 36 , a stimulus is injected directly into the connective tissue overlying the calvarial bone in a small volume of carrier. The calvarial model has also been used for studying bone resorption and regeneration. It does not however, allow analysis of either oral microflora dysbiosis or periodontal tissue inflammatory responses. The ligature model allows analysis of most aspects of PD, including bacterial interactions and dysbiosis, periodontal inflammatory responses and bone biology. Although all these models have provided important information regarding the pathogenesis of PD, to our knowledge, no model available to date is suitable for studying all aspects of human PD.
Experimental design
The main procedure describes how to establish our simplified ligature model in SPF mice and also gives some examples of assays that can be carried out to assess gingival tissue inflammation, alveolar bone loss and ligature-associated microbiota. These assays can be used to assess the effects of ligature placement in mice for different amounts of time. We also provide a modified version of the procedure that describes how to inoculate GF mice with specific human bacteria in Box 1.
Mouse age and strain selection
We have found that the teeth of mice aged 8-12 weeks provide ideal conditions for both SPF and GF procedures. If the mice are younger than 8 weeks, there is an increased rate of ligature loss during the experiment. By contrast, if the mice are older than 12 weeks, it can be difficult to push the ligature between the interproximal molars. Although the illustrative data we provide here are from female mice, used because cohousing of female mice is feasible, we have previously demonstrated that both genders of mice can be used in our model. Mouse strains should be selected based on the goal of the experiment. C57BL/6 mice are used in the example applications of our protocol here, as there are a large number of gene-knockout strains based on this mouse background.
Establishment of appropriate sample sizes for experimental groups When designing an experiment using our simplified model, statistical power calculation should be performed based on the data presented here and in our previous study 28 to decide on group sizes. For example, in our GF mouse study, we estimate the mouse number by power calculation for alveolar bone loss in 10-d ligature placement. According to our data, the mean bone loss is 0.258 mm in the control group and 0.49 mm in the ligature group. The s.d. in the ligature group is 0.08. Power (1−β) = 0.80 and type I error rate = 5%. The sample size (n) was calculated to be 3. Notably, this is based on there being no loss of the ligature during the experiment. We suggest that a researcher new to this model consider allowing for a 20% ligature loss rate during the experiment. The sample size for the experiment should thus increase by 20%, building on the rough estimation from the power calculation.
Control experiments in GF mice
Although previous studies have shown that ligature alone does not induce robust inflammation and alveolar bone loss in GF mice 25, 28 , we recommend that users include this control group when establishing experimental groups. This control provides an indicator of the baseline gingival tissue inflammation and alveolar bone loss in the researcher's GF facility. The ligature collected from this control group should also be cultured on the plate to confirm that there are no bacteria growing at the end point of the experiment. Box 1 describes how to adapt the procedure for use with GF mice.
Monitoring and circumvention of environmental microorganism contamination in GF mice
To avoid contamination with environmental microorganisms during the GF mouse experiment, sterile surgical techniques must be used while performing the experiment. All of the tools used in the GF experiment must be sterilized and delivered into the biological safety cabinet without exposure to the environment. It is important to note that the isoflurane gas used for GF mice anesthesia must be filtered with a 0.2-μl filter to exclude microorganisms from the air. Mice must be kept in the cabinet throughout the experiment. In addition, we suggest collection of feces samples before and after ligature installation to confirm that the mice are GF. If our recommended precautions are taken, the feces should show no bacterial growth on the plates after culture in both aerobic and anaerobic conditions. CRITICAL This cabinet must be maintained as the working station throughout the experiment, with all of the procedures being performed in the cabinet. c CRITICAL Personal protective equipment (PPE; surgical cap, mask, and sterile surgical gown and gloves) must be put on before approaching the biological safety cabinet and should be worn at all times by the GF staff.
Reagent/equipment setup BBL trypticase soy agar with 5% sheep blood plates supplemented with 5 µg/ml hemin and 0.5 µg/ml vitamin K. Add liquid hemin (25 μg) and vitamin K (2.5 μg) to the BD plates and spread evenly, using a sterile glass spreader. Place the plates inside an anaerobic chamber to drive off the dissolved oxygen for 24 h (anaerobic prereduction). The BD plates can be stored at 2-8°C for >3 months, according to the manufacturer's guidelines. Hemin and vitamin K should be freshly added to the plates before culturing human bacteria. Trypticase soy broth supplemented with 5 µg/ml hemin and 0.5 µg/ml vitamin K. Suspend trypticase soy in demineralized water as described in the manufacturer's guidelines and warm the mixture slightly to dissolve the trypticase soy completely. Dispense the medium into appropriate containers and autoclave at 121°C for 15 min to sterilize. Allow sterilized trypticase soy broth (TSB) to cool, then store at 4°C for up to 3 months before using. Freshly add hemin and vitamin K to reach the appropriate concentration (5 µg/ml hemin and 0.5 µg/ml vitamin K) before culturing human bacteria.
Bacterial cultivation for human bacterial infection-ligature model c
CRITICAL This section needs to be carried out only if GF mice are going to be inoculated with exogenous human bacteria. 1 Separately inoculate different TSA-blood agar plates with Sg, Fn sp. nucleatum and Vp for culture at 37°C in an anaerobic chamber. Visible Sg colonies should be observable on the plate after overnight culturing. Fn sp. nucleatum and Vp require 3-7 d of culture for visible colonies to be obtained. 2 Pick one bacterial colony from the plate for each type of bacteria and separately inoculate the TSB supplemented with 5 µg/ml hemin and 0.5 µg/ml vitamin K to obtain a liquid culture of individual bacteria. 3 Measure the OD on the day of inoculation using a spectrophotometer (OD at 600 nm (OD 600 )). 4 Culture the liquid cultures of bacteria for 24-48 h at 37°C in anaerobic conditions. While you are growing sufficient bacteria, proceed with collection of feces samples and placement of the ligature as described in steps 5-11 below. The experiment should be timed such that sufficient bacteria are available for inoculation in step 10. Check the bacterial density daily. Sufficient bacteria are present for infection once the OD reaches 0.5 for these three bacteria. ! CAUTION Different bacteria might have distinct growth curves, and the optimal OD may need to be varied depending on the bacteria used and the infection procedure. ? TROUBLESHOOTING Day 0 5 Transfer WT C57BL/6 GF mice from the plastic mouse isolator to a class II biological safety cabinet. c CRITICAL This step must be carried out by the GF staff. c CRITICAL Mice must be kept in the cabinet throughout the experiment to isolate them from the environment and to avoid contamination. 6 Collect feces samples from the GF mice and suspend the feces in 500 µl of sterile PBS by vigorously vortexing. Spread 50 µl of feces sample suspended in PBS on TSA-blood agar plates using a sterilized glass spreader. Culture the plates in both aerobic and anaerobic conditions at 37°C for 24 h to confirm the GF condition of these mice. We strongly recommend that the researchers do not wait for the results of the culture, but instead proceed in parallel with the next step. If the mice are still GF, no bacteria will grow on the plates in either the aerobic or the anaerobic condition overnight. If microorganisms grow on the plates, it indicates that the GF mice are contaminated, and the experiment should be terminated at step 9 below. 7 Anesthetize GF mice using isoflurane under sterile conditions (isoflurane vaporizer and oxygen are filtered by a 0.2-um air filter) as described in
Steps 3-6 of the main Procedure, but following the additional precautions described here to ensure sterile conditions. All of the tools for ligature placement must have been sterilized by gas sterilization and should be delivered into the cabinet with the assistance of a laboratory colleague using surgical techniques. c CRITICAL An air filter must be used for anesthesia to protect the mice from air-associated microbiota contamination. All of the tools must be sterilized before transfer to the biological safety cabinet. Alternatively, mice can be anesthetized by injection with sterile ketamine/xylazine; however if this method is used, the mice take longer (~30 min) to recover from anesthesia. 8 Place the ligature between the molars as described in Steps 7-12 of the main Procedure, but with the mice in a biological safety cabinet and using sterile technique. Keep the mice in the biological safety cabinet for 1 d.
Day 1 9 Collect feces samples again from the GF mice after the ligature placement (as described in step 6) to confirm that the mice are still GF by culturing the feces in both aerobic and anaerobic conditions. c CRITICAL It is necessary to confirm the GF condition of the mice before and after ligature placement because the mice should be absolutely GF before starting human bacterial infection. These two confirmations monitor whether there is contamination occurring during the transfer and ligature placement steps. The downstream experiment should be terminated if contamination occurs during transfer of GF mice or ligature placement.
(continued)
Human bacterial co-infection model Streptococcus gordonii (Sg) is the pioneer colonizer of the surface of the teeth 37 . Veillonella parvula (Vp) is an early colonizer and Fusobacterium nucleatum (Fn) is considered to be a bridge bacterium of dental plaque 38 . Both Fn and Vp have been reported to be tightly associated with PDs 39, 40 . Although interspecies communication in Sg-Fn and Sg-Vp has been extensively studied in vitro [41] [42] [43] , their co-aggregation in vivo has not been explored. Therefore, we have used the aforementioned three human bacteria in our model by co-infecting GF mice with human bacteria to obtain a proof of concept that our model is practical for the study of human bacterial colonization and interaction in vivo. We expect that more complicated human polymicrobial infection could be established using our model. Notably, GF mice, rather than SFP mice, must be used in human bacterial co-infection because the endogenous microbiota of SFP affect long-term human bacterial colonization in the oral cavity of mice.
Materials Biological materials
! CAUTION All experiments involving pathogens should conform to institutional and national guidelines and regulations, and be performed in a biological safety cabinet.
• Mice aged 8-12 weeks. Here, we describe the results from the use of 10-to 11-week-old WT SPF female C57BL/6 mice (Taconic Farms, model no. B6) ! CAUTION All SPF mouse experiments should conform to institutional and national guidelines and regulations. Our SPF mouse procedure was approved by the University of North Carolina-Chapel Hill Institutional Animal Care and Use Committee.
• Sg (ATCC, cat. no. 10558) ! CAUTION Sg is acutely toxic through oral, dermal and inhalation exposure.
PPE should be worn whenever researchers handle or are exposed to Sg.
• Fn sp. nucleatum (ATCC, cat. no. 25586) ! CAUTION Fn sp. nucleatum is acutely toxic through oral, dermal and inhalation exposure. PPE should be worn whenever researchers handle or are exposed to Fn sp. nucleatum. Keep mice in the biological safety cabinet for 1 more day.
Day 2 11 If required, inoculate the mice with a second bacteria 24 h later. Leave the ligature in place for an additional 9 d after inoculation with the first bacterium (8 d after final inoculation, if two bacteria are used). Keep the mice in the biological safety cabinet continuously until the end of the experiment on day 10.
Day 10
12 Anesthetize gnotobiotic mice using isoflurane under sterile conditions. 13 Collect ligatures with sterile forceps as described in
Step 15 of the main Procedure and immediately place them in 200 μl of reduced sterile PBS (reduced sterile PBS is sterile PBS that has been stored inside the anaerobic chamber overnight to drive off the dissolved oxygen). 14 Vortex to disperse the bacteria associated with the ligature into the PBS evenly. 15 Serially dilute 20 μl of the ligature-PBS solution (10, 10 2 , 10 3 and 10 4 times) using sterile PBS and spread 100 μl of each dilution on separate TSA-blood agar plates. 16 Culture the bacterial plates in an anaerobic chamber for 3-5 d. 17 Count the bacteria grown on the plates according to the colony morphology for Sg, Fn and Vp (an example of a typical plate showing the morphologies of these colonies is shown in Supplementary Fig. 1 ). In addition to morphology, bacterial colonies can also be confirmed by 16s rDNA (16srRNA gene) sequencing using bacterial consensus primers as described in our previous work 28 . 18 Euthanize the mice by anesthetizing them with CO 2 and collect the maxilla for microCT scans and histology as described in Steps 14-22 of the main Procedure. 
Equipment setup
3D printing and assembly of the murine dental bed and ligature holder • Timing 1-2 d
The printing and assembly take~1-2 d. (i) Print mouse dental bed (Fig. 1a,b ) and ligature holder (Fig. 1c-g ) using standard print quality on a Lulzbot Mini v1.0 3D printer, using 3.0-mm polylactic acid filament. A detailed blueprint with specific information about the mouse dental bed and ligature holder is included in the Supplementary Manual. These materials can also be obtained at a non-profit cost by contacting the authors. (ii) After printing is complete, cut off the supporting material using wire cutters, needle-nose pliers or other equipment, and, if necessary, use a scalpel blade to deepen the groove on the ligature holder to ensure that the suture thread will be held in place. (iii) Connect the dental bed top to the mouse dental bed with a 1-inch screw. Place rubber bands around the hooks on the mouse dental bed (adjust tension as necessary during the procedure) (Fig. 1a,b) . Preparation for the ligature placement • Timing 11-13 min per mouse 3 Connect the isoflurane vaporizer + oxygen to a sealed container to enable easy transfer of the anesthetized mice from the container to the mouse dental bed. Place the flexible-arm dissection light appropriately near the front of the mouse dental bed (Fig. 1h) . Ensure that the workbench is sterile. c CRITICAL STEP The workbench should be cleaned in a well-ventilated area (such as a fume hood) using Vimoba 128 (Quip Labs), and materials should be placed on a sterile surface. . h, Experimental setup immediately before anesthetizing the mouse with isoflurane. i-p, The stages required to insert the ligature are shown as photos (i,k,m,o) and diagrammatically (j,l,n,p). i,j, The left hand is used to hold the dental explorer while the tip of the dental explorer and the 2.5-mm silk between the knots are carefully located in the gap between the first and second molars, using the U-tipped ligature holder held in the right hand. k,l, The suture is then pushed through the interdentium between the first and second molars. m,n, The silk is cut, and the U-tipped forceps are removed. o,p, Finally, the silk is trimmed at the end of the knot. Appropriate institutional regulatory board permission was obtained to carry out the experimental procedure on the mouse shown here.
Procedure
4 Weigh a mouse and place into a sealed container with a 4% (vol/vol) isoflurane flow. Monitor the heart rate to determine the level of anesthesia (confirm that the mouse is properly anesthetized by pinching the toe; there should be no response). During this, proceed with the next step. 5 While the mouse is becoming fully anesthetized (3-5 min), prepare the sterile silk suture ligature by cutting a 7-to 10-inch length of silk thread and tying two knots in the center (~2.5 mm apart from each other). Thread the silk ligature over the grooves on the ligature holder (hold the thread in place by using the slide-lock piece of the ligature holder), ensuring that both knots are positioned inside the tips of the ligature holder (Fig. 1d-g ). c CRITICAL STEP It is important that the silk ligature be placed in the ligature holder correctly to facilitate the later placement of the ligature around the teeth. ? TROUBLESHOOTING 6 Once the mouse is fully anesthetized, remove it from the sealed container and apply Puralube vet ointment to the eyes. Quickly transfer the mouse to the mouse dental bed (with the back of the mouse resting on the bed), and transfer the isoflurane flow to the nozzle attached to the bed, using a 1.5-2.5% flow to maintain the level of anesthesia.
Placement of the simplified ligature • Timing 1-18 d
7 Prop open the mouth of the mouse using rubber bands, adjusting the tension as necessary to prevent one arch from pulling more than the other arch. Hold the dental explorer in your left hand, and position the tip of the explorer in the interdental contact between the first and second right maxillary molars (M1 and M2), aligning the explorer horizontally and applying gentle force between the teeth (Fig. 1i) . Placing the explorer in this horizontal position pressing against the palate with the fulcrum in the interdental space also stabilizes the head of the mouse for easier ligature placement. 8 Hold the ligature holder in your right hand and place the silk suture ligature on the coronal surface of the first and second molar (M1-M2) interdental contact (Fig. 1j ). 9 Apply a gentle force to the interdental region, using the dental explorer in your left hand to create a temporary space for the ligature placement. While doing this, use slight force and a wiggling motion of the ligature holder with the right hand to place the ligature between the molars (Fig. 1k,l) . c CRITICAL STEP Do not use too much force, as this may cause palatal tissue damage. ? TROUBLESHOOTING 10 Once the ligature is in place (Fig. 1m,n) , cut the thread in a place away from the knots to free the ligature holder first. Then, use fine-point forceps to grasp the silk thread and cut it as close as possible to the knots (Fig. 1o,p) . c CRITICAL STEP The thread should be cut as near to the knots as possible to prevent ligature loss. 11 Remove the mouse from the bed and tag as desired. 12 Place the mouse into a sterile cage with a heat lamp and monitor until it has fully recovered from the anesthesia. 13 After the mice have recovered from the anesthesia, move them from the surgical room to the housing room and house under SPF conditions for the desired amount of time to induce a periodontitis phenotype.
Euthanasia and sample collection • Timing 11-15 min plus 48 h
14 Euthanize each animal according to your approved method. We euthanize each mouse individually in a carbon dioxide chamber (5-7 min) and ensure that the animals are dead by using a secondary method such as cervical dislocation. 15 Place the mouse in the mouse dental bed as described in Step 7 and use fine-point forceps to remove the ligature by grasping the end of the knot; some force may be needed to remove the ligature, but try to prevent breakage. Place the collected ligatures in an Eppendorf tube and store at −80°C for potential microbiota analysis. c CRITICAL STEP In our experience, the suture is very stable between the molars even at 18 d after installation. If our guidelines are followed, >80% of the sutures can be collected at the end point of the experiment. Mice should be excluded from alveolar bone loss and histology analysis if the ligature falls off before the end point of the experiment. ? TROUBLESHOOTING 16 Use a 15C scalpel blade to make a shallow incision around all three molars for gingival tissue collection.
PROTOCOL NATURE PROTOCOLS
c CRITICAL STEP Do not cut too deep, as this may cause the maxilla to break. ? TROUBLESHOOTING 17 Use fine-point forceps to remove the gingival tissue and place in RNAlater at 4°C.
? TROUBLESHOOTING 18 Collect the maxilla and place in formalin for fixation (avoiding breakage of sample).
? TROUBLESHOOTING 19 Leave the maxilla in formalin for 24 h at 4°C, then remove the formalin and store in 80% ethanol at 4°C before further alveolar bone loss assessment and histological processing. 20 Leave the gingival tissue from Step 17 in RNAlater at 4°C for 24 h, then centrifuge at 5,000g at 4°C for 5 min, remove the RNAlater and store at −80°C for further analysis. j PAUSE POINT The ligatures can be stored at −80°C for >1 year. The gingival tissue can also be stored at −80°C for >1 year. The maxilla can be stored at 4°C in formalin for 24 h (>24 h of fixation in formalin may affect the histological staining procedure) and can be stored in 80% ethanol at 4°C for 2 years. Although these samples can be stored long term, we recommend further processing of samples as soon as possible.
Sample analyses • Timing: variable c
CRITICAL Researchers analyzing the data should be blinded to experimental groups so that they do not know which group the samples came from. We use a double-blind design during microCT and histology analysis to exclude potential subjective variation. neutrophil numbers and bacterial numbers, analysis of variance (parametric) can be used, followed by the Bonferroni test as a post hoc test. We perform statistical analyses using GraphPad Prism v.6.0. Adjustment for multiple comparisons can be done, for example by Bonferroni test, with P < 0.05 considered statistically significant. For mRNA expression analysis, statistical analysis can be performed using a signed-rank test (SAS, https://www.sas.com/en_us/home.html). A 1.5-fold difference can be used when evaluating pattern recognition receptors (PRRs) and chemokine and adaptive immunity-associated genes, as recommended previously 44 . However, because of the high fold changes between the control and the ligature groups observed for innate immunity-associated genes, we increase the threshold and use a fourfold difference to define more marked differences. Use P < 0.05 for significance.
Troubleshooting
Troubleshooting advice can be found in Table 1 .
Timing
All timings listed below that are associated with handling of animals are for 1 animal. Steps 1 and 2, acclimation of animals: dependent on the age of animals and whether acclimation is required because of transfer of animals from another facility
Step 3, setup of the surgical procedure area: 5 min
Step 4, anesthetization of the animal: 3-5 min (closely monitor the heart rate to determine the level of anesthesia)
Step 5, preparation of sterile silk ligature: 2 min
Step 6, transfer of mouse to the dental bed: 30 s Steps 7-9, placement of ligature: 1-2 min
Step 10, removal of extra thread: 30 s Steps 11 and 12, tagging of mouse and recovery: 3-5 min
Step 13, time course for the effects of the ligature model: 0, 3, 6, 9, 12, 15 or 18 d, depending on desired time points
Step 14, euthanasia: 5-7 min
Step 15, collection of the ligature: 1 min Steps 16 and 17, collection of the gingival tissue: 2 min of collection + 24 h in RNAlater before removing Steps 18 and 19, collection of the maxilla: 3-5 min of collection + 24 h in formalin fixation before switching to ethanol
Step 20, treatment of gingival tissue: 5 min plus 24 h
Step 21A(i,ii), microCT scan: 2-4 h Use the dental explorer to move the knots to the correct location, 2.5 mm apart [7] [8] [9] Difficulty in inserting ligature between the molars; damage to the palate Silk thread is not taut and therefore is bending with pressure rather than being pushed into place; this causes the ligature holder to press against the palate and cause damage Use gentle pressure with the explorer to fix the head of the mouse and separate the teeth at the same time.
Reapply the locking mechanism on the ligature holder to ensure that the silk ligature is as taut as it can be; tying new knots may be required if the flexion is due to the distance between the knots. It should not require much force to place the ligature, as this can cause palatal damage 15
Breakage of ligature during removal
Depending on time point, there may not be much bone loss, which can make it more difficult to remove a tightly placed ligature
Grasp the knot on the ligature and pull up, rather than from the side, to remove the ligature
and 17 Gingival tissue rips during removal
Incisions do not meet on all sides Make the lingual incision first, then the two horizontal incisions above the third molar and below the first molar, and, finally, the buccal incision around the molars; this will help to extract the gingival tissue as one intact piece 18
Maxilla breaks during collection
There may already be a score in the bone from the collection of gingival tissue, creating a weak point where it is more prone to breakage Try to keep the incisions for gingival tissue as shallow as possible while still being deep enough to remove the tissue in one piece; maxilla can be sectioned in half intentionally to prevent breakage elsewhere 21C (vii) No data detected in RT 
Anticipated results
Time course characterization of alveolar bone loss and osteoclast activation in the simplified ligature model A time-dependent effect on alveolar bone loss and osteoclast activation should occur when the ligature is installed between the first and second molars. Representative sagittal 3D and bidimensional views of the mice maxillary molars from each time point group using microCT scanning are shown in Fig. 2a . We assess bone loss by measuring the CEJ-ABC distances on the distal side of the first molar and mesial side of the second molar on each of the buccal surfaces. As shown in Fig. 2b , typically the buccal sides show an acceleration of bone loss from day 3 to day 9, but further substantial alveolar bone loss is not observed between days 9 and 18 (Fig. 2b) . Although a previous study reported that substantial alveolar bone loss was observed as early as day 3 in the traditional ligature model 16 , obvious alveolar bone loss is seen in our model only from day 6 onward. The differences in time courses between the different variations of the ligature model are to be expected, as ligature placement around the entire second molar provides a larger platform for bacterial accumulation than ligature placement between the first and the second molars. Typical results seen after TRAP staining at different time points are shown in Fig. 2c . TRAP staining demonstrates that osteoclast numbers increase at all time points in the ligature model (Fig. 2c , ii-vii and ix-xiv), as compared with control (Fig. 2c, i,viii) . A marked increase in osteoclast activation in the alveolar bone in the interproximal region between the first and the second molars is seen between days 3 and 9. By contrast, osteoclast numbers decrease between day 12 and 18 as compared with days 3 and 9 (Fig. 2d) . Overall, the osteoclast activation and alveolar bone loss mainly takes place in the early phase (days 3-9) and is followed by a decrease in the later phase (days 9-18). The representative data shown here confirm that osteoclast numbers and alveolar bone loss display similar trends during the development of periodontitis, and that, if performed successfully, the simplified ligature-induced periodontitis model will result in bone resorption and a periodontitis phenotype as described above.
Identification of gingival tissue inflammation phenotype of different time points in the simplified ligature model
With the approach demonstrated in our protocol, dynamic gingival tissue inflammation can be observed across different time points. Figure 3a shows typical histology seen at various time points after ligature placement. H&E staining can be used to show the infiltration of inflammatory cells, loss of connective tissue attachment and alveolar bone resorption in gingival tissues between the distal root of the first molar and the mesial root of the second molar (Fig. 3a, top) . The infiltrated inflammatory cells show a polynuclear structure and a morphological criterion characteristic of neutrophils. Infiltration of MPO + cells into gingival tissue can be seen by immunohistochemistry as early as day 3 after ligature placement, and obvious acceleration of MPO + cell infiltration from days 6 to 9 can also be seen. By days 12-18, the infiltration of MPO + cells is decreased as compared with that of days 3-9 ( Fig. 3a (center and bottom),b) . Thus, a pattern of infiltration of inflammation, predominated by neutrophils and peaking at day 9, can be expected when using our ligature model.
Differential expression of genes associated with innate and adaptive immune responses at different time points in the simplified ligature model
Changes in gene expression for genes associated with the innate and adaptive immune responses are seen in molar-region gingival tissues after establishment of our model (the morphology of this tissue is shown in Fig. 4a-c) . Typical results seen when using the RT 2 Profiler PCR Array, comprising 84 genes at different time points (baseline (0), 3, 9 and 18 d) are shown in Fig. 4d , using a 1.5-fold change as indicative of a change in expression. Innate immunity-associated genes (Fig. 4e) and chemokines ( Fig. 4g ) demonstrate a peak of expression at 9 d, which then decreases by 18 d. Notably, IL-1β shows a >20-fold increase at 3 d (Fig. 4e) . IL-1β is well recognized as an important inflammatory marker in PD and known to be among the first cytokines to appear in the PD pathogenesis pathways [45] [46] [47] . The peak of chemokine expression observed at 9 d is also in accordance with the histological data showing a peak of immune cells at 9 d (Fig. 3a, center and bottom) , which then (n = 5 mice per group). **P < 0.01 (one-way ANOVA and Bonferroni's post hoc tests). Appropriate institutional regulatory board permission was obtained for these experiments. Ligatures were retained in all mice used in the experiment; therefore, there was no need to exclude any mice from further analysis. Researchers were blind to the group that the mice were assigned to when measuring the distance between the CEJ and the ABC.
markedly decreases at 18 d as compared with baseline. Interestingly, we found that TLR3 and TLR7 demonstrate the greatest fold-change (>16-fold) (Fig. 4f) . These data indicate that classic PRRs such as TLR2 and TLR4 do not change in expression as markedly as virus-related PRRs, including TLR3 and TLR7 (Fig. 4f) . In addition to being a consequence of the presence of microbial pathogens, this increase might be attributable to the damage-associated molecular signals released from injured or dying cells that are known to promote progression of inflammatory diseases 48, 49 . Consistent with the concept that the adaptive immune responses follow innate responses, adaptive immune-associated genes peak at 9 and 18 d (Fig. 4h) . Expression of markers related to T H 1, T H 2, T H 17 and T reg cells are all observed. These data illustrate that this model can be used to study host response during the development of periodontitis. Our data indicate that there is a prominent spike in IL-1 by day 3 in this model. Although our model does not provide a clear distinction between pathologies caused by gingivitis versus periodontitis, one important characteristic of human gingivitis seen in both naturally occurring and experimentally induced gingivitis is the increase in IL-1β as compared with levels seen in healthy tissue. The early time course (from 0 to 3 d after insertion of the ligature) could potentially be suitable for studying the pathogenesis of human gingivitis in the mouse. Overall, the results we have obtained demonstrate that we have established a simplified ligature-induced periodontitis model in mice, and this model shows a representative host response after induction of periodontitis in shortterm experiments.
Application of the simplified ligature model to study the role of human oral bacteria in periodontitis pathogenesis Using the ligature model on GF mice, human oral bacterial colonization, bacteria-bacteria interaction and bacteria-host interaction can be evaluated in vivo. Endogenous rodent microflora limits the ability to study the human bacterial colonization process, and human bacteria-bacteria and bacteria-host interactions in SPF rodents. As an alternative, our ligature model can be applied to GF mice infected with human bacteria. As an example, we show results after infection with Sg, Vp and As shown on the color bar, red represents upregulated genes and green represents downregulated genes. The relative expression scale changed from 1-to 17-fold. e-h, The specific results seen for individual genes functionally categorized into innate immunity-associated genes (e), pattern recognition receptors (f), chemokines (g) and adaptive immunity-associated genes (h). The data are presented as the fold change of expression at the 3-, 9-and 18-d time points as compared with baseline. *P < 0.05, **P < 0.01 as compared with baseline. Appropriate institutional regulatory board permission was obtained for these experiments.
Fn. Although interspecies communication between Sg and Fn and between Sg and Vp has been extensively studied in vitro [41] [42] [43] , their co-aggregation in vivo has not been explored. Our protocol can be used to study these interactions (e.g., see the experimental workflow shown in Fig. 5a ). The model can be used to demonstrate that Sg, but not Fn or Vp, can monocolonize the oral cavity (Fig. 5b) model can also be used to assess co-infection, for example, both Fn and Vp successfully co-colonized ligature sites when co-infected with Sg (Fig. 5c,d) . The protocol can also be used to evaluate the effects of infection on alveolar bone loss and gingival tissue inflammation. For example, monoinfection of Sg did not result in periodontitis at the ligature site, but co-infection (double and triple infection) induced substantial alveolar bone loss (Fig. 5e,f) and gingival tissue inflammation (Fig. 5g,h ). There should be no bacterial contamination, substantial alveolar bone loss or gingival tissue inflammation in control mice (Fig. 5b, f and h ). The in vivo data obtained using this protocol are consistent with the previously reported in vitro data that support the proposition that Sg can facilitate Fn or Vp colonization 50, 51 . Because human bacteria can induce inflammation and alveolar bone loss during periodontitis development in our mouse model, this model can thus potentially be used to further study the role of human oral microbiota associated with periodontitis in vivo.
Reporting Summary
Further information on experimental design is available in the Nature Research Reporting Summary linked to this article.
